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We investigate the visibility of the current and shot-noise correlations of electrical analogs of the
optical Mach-Zehnder interferometer and the Hanbury Brown Twiss interferometer. The electri-
cal analogs are discussed in conductors subject to high magnetic fields where electron motion is
along edge states. The transport quantities are modulated with the help of an Aharonov-Bohm
flux. We discuss the conductance (current) visibility and shot noise visibility as a function of tem-
perature and applied voltage. Dephasing is introduced with the help of fictitious voltage probes.
Comparison of these two interferometers is of interest since the Mach-Zehnder interferometer is an
amplitude (single-particle) interferometer whereas the Hanbury Brown Twiss interferometer is an
intensity (two-particle) interferometer. A direct comparison is only possible for the shot noise of
the two interferometers. We find that the visibility of shot noise correlations of the Hanbury Brown
Twiss interferometer as function of temperature, voltage or dephasing, is qualitatively similar to
the visibility of the first harmonic of the shot noise correlation of the Mach-Zehnder interferometer.
In contrast, the second harmonic of the shot noise visibility of the Mach-Zehnder interferometer
decreases much more rapidly with increasing temperature, voltage or dephasing rate.
PACS numbers: 72.10.-d, 72.70.+m, 73.43.-f
I. INTRODUCTION
With the advent of mesoscopic physics, it has become
possible to experimentally investigate quantum phase co-
herent properties of electrons in solid state conductors in
a controlled way. In particular, in ballistic mesoscopic
samples at low temperatures, electrons can propagate
up to several microns without loosing phase informa-
tion. This opens up the possibility to investigate elec-
trical analogs of various optical phenomena and experi-
ments. An investigation of such analogs is of fundamen-
tal interest. On the one hand, it allows one to establish
similarities between the properties of photons and con-
duction electrons, a consequence of the wave nature of
the quantum particles. On the other hand, it also al-
lows one to investigate the differences between the two
types of particles arising from the different quantum sta-
tistical properties of fermions and bosons. For many-
particle properties, such as light intensity correlations
or correspondingly electrical current correlations, noise,
the quantum statistical properties are important.1,2 Both
the wave-nature of the particles as well as their quantum
statistics are displayed in a clearcut fashion in interferom-
eter structures. In this work we are concerned with the
electrical analogs of two well known optical interferome-
ters, the single-particle Mach-Zehnder (MZ) interferom-
eter and the two-particle Hanbury Brown Twiss (HBT)
interferometer.
The MZ-interferometer is a subject of most textbooks
in optics.3 In the framework of quantum optics, consid-
ering individual photons rather than classical beams of
light, the interference arises due to the superposition of
the amplitudes for two different possible paths of a sin-
gle photon. This leads to an interference term in the
light intensity. The MZ-interferometer is thus a prime
example of a single particle interferometer.4 Various elec-
tronic interferometers with ballistic transport of the elec-
trons have been investigated experimentally over the last
decades, as e.g. Aharonov-Bohm (AB) rings5 and double-
slit interferometers.6 Detailed investigations of dephas-
ing in ballistic interferometers was carried out in Refs.
[7,8]. Only very recently was the first electronic MZ-
interferometer realized by Ji et al.9 in a mesoscopic con-
ductor in the quantum Hall regime. A high visibility of
the conductance oscillations was observed, however the
visibility was not perfect. This led the authors to in-
vestigate in detail various sources for dephasing. As a
part of this investigation, also shot noise was measured.
Still, some aspects of the experiment are not yet fully un-
derstood. Theoretically, Seelig and one of the authors10
investigated the effect of dephasing due to Nyquist noise
on the conductance in a MZ-interferometer. The effect
of dephasing on the closely related four-terminal resis-
tance in ballistic interferometers11 was investigated as
well. Dephasing in ballistic strongly interacting systems
is discussed by Le Hur.12,13 Following the experimen-
tal work of Ji et al.,9 Marquardt and Bruder investi-
gated the effect of dephasing on the shot-noise in MZ-
interferometers, considering dephasing models based on
both classical14,15 as well as quantum fluctuating fields.16
Very recently, Fo¨rster, Pilgram and one of the authors17
extended the dephasing model of Refs. [10,14] to the full
statistical distribution of the transmitted charge.
The HBT-interferometer18,19,20 was originally invented
for stellar astronomy, to measure the angular diameter
of stars. It is an intensity, or two-particle,4 interferome-
2ter. The interference arises from the superposition of the
amplitudes for two different two-particle processes. Im-
portantly, there is no single particle interference in the
HBT-interferometer. Consequently, in contrast to the
MZ-interferometer there is no interference in the light in-
tensity, the interference instead appears in the intensity-
intensity correlations. Moreover, the intensity-intensity
correlation also display the effect of quantum statistics.
Photons originating from thermal sources tend to bunch,
giving rise to positive intensity cross correlations. For
the electronic analog of the HBT-interferometer, it was
the corresponding anti-bunching of electrons that origi-
nally attracted interest. It was predicted1 that the elec-
trical current cross correlations in mesoscopic conductors
would be manifestly negative, i.e. display anti-bunching,
as a consequence of the fermionic statistics of the elec-
trons. Negative current cross correlations were subse-
quently observed in two independent experiments.21,22
Recently, anti-bunching for field emitted electrons in vac-
uum was also demonstrated.23 The two-particle interfer-
ence in the HBT-experiment has received much less at-
tention. We emphasize that while the bunching of the
photons was necessary for obtaining a finite, positive
cross correlation signal, it was the two-particle effect that
was of main importance to HBT since the angular diam-
eter of the star was determined from the two-particle in-
terference pattern. In electrical conductors, two-particle
effects in AB-interferometers were investigated theoreti-
cally in Refs. [24,25,26]. Only very recently two of the
authors and Sukhorukov27 proposed a direct electronic
analog of the optical HBT-interferometer which permits
to demonstrate two-particle interference in an unambigu-
ous way.
In this work we investigate and compare in detail the
current and and zero-frequency noise in electronic MZ
and HBT interferometers. We consider interferometers
implemented in mesoscopic conductors in the integer
Quantum Hall regime, where the transport takes place
along single edge states and Quantum Point Contacts
(QPC’s) serve as controllable beam splitters. The ef-
fect of finite temperature, applied bias and asymmetry,
i.e. unequal length of the interferometer arms, is inves-
tigated. The strength of the interference contribution
is quantified via the visibility of the phase oscillations.
The dependence of the visibility on the beam splitter
transparencies as well as on the temperature, voltage
and asymmetry is discussed in detail. Of interest is the
comparison of visibility of the shot-noise correlation of
the MZ-interferometer and the HBT-intensity interfer-
ometer. Shot noise correlations in the MZ-interferometer
exhibit two contributions, one with the fundamental pe-
riod of h/e and a second harmonic with period h/2e. The
shot noise correlations in the HBT-interferometer, even
though they are due to two particle processes, are peri-
odic with period h/e. Thus the Aharonov-Bohm period
can not be used to identify the two particle processes
which give rise to the HBT effect. It is therefore in-
teresting to ask whether the HBT two-particle processes
have any other signature, for instance in the tempera-
ture or voltage dependence of the visibility of the shot-
noise correlation. We find that this is not the case. To
the contrary, we find that the the shot noise correla-
tions in the HBT intensity interferometer behave qual-
itatively similar to the h/e shot noise correlation in the
MZ-interferometer. In contrast the h/2e contribution in
the shot noise of the MZ-interferometer decreases more
rapidly with increasing temperature, voltage or dephas-
ing rate than the h/e oscillation in the MZ- or HBT-
interferometer.
We investigate dephasing of the electrons propagating
along the edge states by connecting one of the interfer-
ometer arms to a fictitious, dephasing voltage probe. In
all cases, the current and noise of the MZ-interferometer
as well as the noise in the HBT-interferometer, the effect
of the voltage probe is equivalent to the effect of a slowly
fluctuating phase.
II. MODEL AND THEORY
A. Optical analogs in the Quantum Hall regime
In the paper we consider implementations of the MZ
and HBT interferometers in mesoscopic conductors in
strong magnetic fields, in the integer Quantum Hall
regime.28 The typical system is a two-dimensional elec-
tron gas in a semiconductor heterostructure, with the lat-
eral confinement of the electron gas controllable via elec-
trostatic gating. The transport between reservoirs29 con-
nected to the conductor takes place along edge states.30
The edge states, quantum analogs of classical skipping
orbits, are chiral, the transport along an edge state is uni-
directional. Scattering between edge states is suppressed
everywhere in the conductor except at electrostatically
controllable constrictions, QPC’s.31,32 For a magnetic
field that does not break the spin degeneracy of the edge
states, each edge state supplies two conduction modes,
one per spin.
These properties make conductors in the integer quan-
tum Hall regime ideal for realizing analogs of optical ex-
periments. First, the edge states correspond to single
mode waveguides for the light. The unidirectional motion
along the edge states allows for “beams” of electrons to
be realized. Second, the QPC’s work as electronic beam
splitters with controllable transparency. Moreover, due
to chirality the beamsplitters are reflectionless, a prop-
erty essential for the MZ and HBT interferometers but
difficult to achieve for beam splitters in conductors in
weak (or zero) magnetic fields.22,33 These properties of
conductors in the quantum Hall regime have been demon-
strated experimentally in a number of works, see e.g.
[9,21,34].
Theoretically, several works have been concerned with
the conductance and noise properties of beam splitters
and interferometers in Quantum Hall systems, for a re-
cent reviews see e.g. Refs. [2,35]. Recently, it was pro-
3posed to use these appealing properties of edge states
in the context of orbital36 quasi-particle entanglement
in static27,37,38 and dynamic39,40 systems as well as for
quantum state transfer.41
It is interesting to note that the edge state descrip-
tion also hold for conductors at even higher magnetic
fields, in the fractional Quantum Hall regime. As ex-
amples, the fractional charge has been determined in
shot-noise experiments42,43 and the quantum statistical
properties of the fractionally charged quasi-particles have
been investigated theoretically in beam-splitter44 and
HBT45 geometries. Various interferometer structures
have also been considered.46,47,48 Very recently, a MZ-
interferometer in the fractional Quantum Hall regime was
proposed.49 In this work we however consider only the in-
teger Quantum Hall effect, where the quasi-particles are
noninteracting and the electrical analogs to optical ex-
periments can be directly realized.
B. Scattering approach to current and noise
This discussion leads us to consider single mode, multi-
terminal conductors with noninteracting electrons. The
principle aim of this work is a comparison of the MZ
and HBT-interferometers. In reality in both interfer-
ometers interactions (screening) play a role both for the
voltage and temperature dependence. A non-interacting
scattering approach is not gauge invariant but requires a
treatment of screening.50 However, these effects are ex-
pected to be simliar in the two interferometers and will
not affect the main conclusions of this work. Therefore,
below we treat non-interacting qausi-particle interferom-
eters. The conductors are connected to several electronic
reservoirs, biased at a voltage eV or grounded. The
current51 and the noise1,52 are calculated within the scat-
tering approach for multi-terminal conductors. We first
introduce the creation and annihilation operators for in-
going, aˆ†α(E) and aˆα(E), and outgoing, bˆ
†
α(E) and bˆα(E),
particles, at energy E in terminal α. For simplicity we
suppress spin notation. Considering a conductor with N
terminals, the in- and out-going annihilation operators
are related via the N ×N scattering matrix, as
bˆα(E) =
N∑
β=1
sαβ(E)aˆβ(E) (1)
where sαβ(E) is the amplitude to scatter from terminal
β to terminal α. The current operator in the lead α has
the form51
Iˆα(t) =
e
h
∑
βγ
∫
dEdE′exp(i[E − E′]t/~)
× Aαβγ(E,E′)aˆ†β(E)aˆγ(E′), (2)
with the notation
Aαβγ(E,E
′) = δαβδαγ − s∗αβ(E)sαγ(E′). (3)
The average current is given by51
〈Iα〉 =
∫
dEjα(E), (4)
where the spectral current density is
jα(E) =
1
e
∑
β
Gαβ(E)fβ(E). (5)
Here fβ(E) = 1/(1 + exp [(E − eVβ)/kBT ]) is the Fermi
Dirac distribution of terminal β, with Vβ the correspond-
ing applied voltage. The spectral conductance Gαβ(E)
is given by
Gαβ(E) =
e2
h
Aαββ(E,E). (6)
The zero frequency correlator between current fluctua-
tions in terminals α and β is defined as
Sαβ =
∫
dt〈∆Iˆα (0)∆Iˆβ (t) + ∆Iˆβ (t)∆Iˆα (0)〉, (7)
where ∆Iˆα (t) = Iˆα (t) − 〈Iˆα (t)〉. The current correlator
is given by1,52
Sαβ =
∫
dESαβ(E) (8)
where
Sαβ(E) =
2e2
h
∑
γδ
Aαγδ(E,E)A
β
δγ(E,E)
× fγ(E) [1− fδ(E)] (9)
is the spectral current correlator.
C. Dephasing voltage probe model
There are several physical mechanisms that might lead
to dephasing of the electrons propagating along the edge
states (see e.g. the discussion in Ref. [9]). In this
work we are not interested in any particular mechanism
for dephasing but consider instead a phenomenological
model, a dephasing voltage probe. The idea of using
a voltage probe to induce dephasing was introduced in
Refs. [53,54]. A voltage probe connected to a meso-
scopic sample was considered, leading to a suppression
of coherent transport due to inelastic scattering. The
probe model, originally considered for the average cur-
rent, was extended to treat the effect of inelastic scatter-
ing on shot noise by Bu¨ttiker and Beenakker55 by consid-
ering a conservation of current fluctuations at the probe
as well. Later De Jong and Beenakker56 extended the
voltage probe concept and introduced a (fictitious) volt-
age probe which breaks phase but does not dissipate en-
ergy. Scattering in the voltage probe is (quasi-)elastic.
4This is achieved with the help of a distribution func-
tion in the voltage probe which conserves not only total
current like a real voltage probe, but conserves current
in every small energy interval. Such a probe provides
a model of pure dephasing. The different probe mod-
els have been used as qualitative models in a number of
works, see Refs. [2,57] for a review. For an application
to quantum Hall systems, see Ref. [58].
In this work we consider the dephasing voltage probe
model, which conserves the current at each energy. The
model is based on the assumption that the current is con-
served on a time scale τC , much shorter than the time
of the measurement but much longer than the time be-
tween injection of individual electrons, here of the order
of ~/eV . One could however consider a more general
voltage probe model that takes into account a more com-
plicated dynamics of the probe. A detailed discussion of
such a general model in the light of recent work14,15,59,60
is however deferred to a later work. Here we only note
that below we find that the voltage probe in both the MZ
and HBT-interferometers only gives rise to a suppression
of the phase dependent terms in conductance and noise,
just as one would naively expect to be the effect of pure
dephasing.
The condition of zero current into the fictitious probe γ
at each energy is fulfilled by considering a time dependent
distribution function of the probe
fγ(E, t) = f¯γ (E) + δfγ(E, t), (10)
where δfγ(E, t) fluctuates to conserve current on the
timescale τC . As a consequence, the spectral current
density at each energy in lead α fluctuates in time as
jα(E, t) = jα(E) + ∆jα(E, t), (11)
where the fluctuations ∆jα(E, t) = δjα(E, t) +
(1/e)Gαγ(E)δfγ(E, t) consist of two parts, the intrinsic
fluctuations δjα(E, t) and the additional fluctuations due
to δfγ(E, t). The requirement of zero average current
into the probe, jγ(E) = 0, leads to the averaged distri-
bution function at the probe reservoir γ
f¯γ (E) = −
∑
α6=γ
Gγα(E)
Gγγ(E)
fα(E). (12)
The average spectral current density jdpα (E) is then found
from Eq. (5).
The fluctuating part of the distribution function,
δfγ(E, t), is obtained from the requirement of zero cur-
rent fluctuations into the probe, ∆jγ(E, t) = δjγ(E, t) +
(1/e)Gγγ(E)δfγ(E, t) = 0. The total current density
fluctuation is then given by
∆jα(E, t) = δjα(E, t)− Gαγ(E)
Gγγ(E)
δjγ(E, t). (13)
As a result, in the presence of dephasing the total spectral
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FIG. 1: An optical Mach-Zehnder interferometer. A beam of
light incident from 1 is split in two partial beams at the semi-
transparent beam splitter A. The two partial beams acquire
geometrical phases φ1 and φ2 respectively and are rejoined at
the second beam splitter B. The light intensity is measured
in detectors 3 and 4
current correlation Sdpαβ(E) is
Sdpαβ(E) = Sαβ(E)−
Gαγ(E)
Gγγ(E)
Sβγ(E)− Gβγ(E)
Gγγ(E)
Sαγ(E)
+
Gαγ(E)Gβγ(E)
G2γγ(E)
Sγγ(E), (14)
where Sαβ(E) is the correlation function between the in-
trinsic current fluctuations, δjα and δjβ , of contact α
and β, given by Eq. (9), and Gαβ(E) is the conductance,
given by Eq. (6).
III. MACH-ZEHNDER INTERFEROMETERS
A schematic of the MZ-interferometer is shown in
Fig. 1. An incident beam of light from source 1 is di-
vided in two parts at the semitransparent beam split-
ter A. The two partial beams are reflected at mir-
rors and later joined at the second beam splitter B.
Beams of light going out from B are detected in 3 and
4. The amplitude of the light in an outgoing beam is
the sum of the amplitudes for the two partial beams,
A = A1exp(iφ1) + A2exp(iφ2). This gives an inten-
sity |A|2 = |A1|2 + |A2|2 + 2Re {A1A∗2 exp(i[φ1 − φ2])}.
The interference term 2Re {A1A∗2 exp(i[φ1 − φ2])} thus
contains the difference between the geometrical phases,
φ1 − φ2. Importantly, the four terminal geometry to-
gether with the reflectionless beam splitters lead to that
the incident beam traverses the interferometer only once.
This is a defining property of the MZ-interferometer.
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FIG. 2: The electronic analog of the MZ-interferometer, im-
plemented by Ji et al.9 in a conductor in the Quantum Hall
regime. The electronic reservoir 1 is biased at eV and reser-
voirs 2 to 4 are kept at ground. The edge states (solid lines)
have a direction of transport indicated by arrows. The QPC’s
A and B play the role of the beam splitters in Fig. 1. Geo-
metrical phases φ1 and φ2 and the AB-flux Φ are shown.
We then turn to the electric analog of the MZ-
interferometer, shown in Fig. 2. As pointed out above,
several results for the current and noise are available in
the literature.10,11,14,15,16,17 Here we analyze the most
general situation possible, with finite voltage, tempera-
ture and interferometer arm asymmetry as well as differ-
ent beam splitters A and B with arbitrary transparency.
When we consider limiting cases for e.g. small temper-
ature, bias or asymmetry, known results are recovered.
This detailed analysis of the MZ-interferometer is of im-
portance when comparing to the HBT-interferometer be-
low.
We first discuss a fully coherent interferometer, the
effect of dephasing is investigated below. An electric po-
tential eV is applied at terminal 1, all other terminals
are kept at zero potential. The injected electrons prop-
agate along single edge states. Scattering between the
edge states can take place only at the two QPC’s, acting
as beam splitters with controllable transparency. The
beam splitters j = A,B are characterized by the scatter-
ing matrices
(
i
√
Rj
√Tj√Tj i√Rj
)
, (15)
where Tj and Rj = 1 − Tj are the transmission and re-
flection probabilities, respectively. We note that any ad-
ditional phases of the beam splitters just give rise to a
constant phase shift of the oscillations in the interference
terms and are therefore not considered.
Propagating along the edge states, the electrons pick
up geometrical phases φ1 and φ2 as well as phases ψ1
and ψ2 due to the AB-flux Φ through the center of the
interferometer. For example, the amplitude for scattering
from terminal 1 to 4 is given by
s41 = i
√
TBRAei(φ1+ψ1) + i
√
TARBei(φ2−ψ2) (16)
For the geometrical phases, to be specific we consider the
case when the potential landscape eU(x, y) of the conduc-
tor in Fig. 2 is varying smoothly on the scale of the mag-
netic length lB = (~/e|B|)1/2, with Bzˆ the applied mag-
netic field perpendicular to the plane in Fig. 2 (the effect
of selfconsistency of the potential61 is neglected). This
allows for a semiclassical treatment.62 In a high magnetic
field the edge states at Fermi energy EF follow equipo-
tential lines determined by eU(x, y) = EF −~ωc(n+1/2)
where ωc = eB/m is the cyclotron frequency and m the
effective electron mass. We are concerned here with the
case where there is only one edge state and thus n = 0.
Suppose the x-axis is a line intersecting quantum point
contacts A and B in Fig. 2. Excluding self-intersections
we can express the edge state in terms of functions y1(x)
and y2(x) for the left and right path of the interferom-
eter. Working in the symmetric gauge, the geometric
phases can be written62 φi = −l−2B
∫ xB
xA
dxyi(x), where
xA and xB are the locations of the QPC’s. Importantly,
φ1−φ2 corresponds to the total area A enclosed by these
two paths divided by the magnetic length squared, or
φ1 − φ2 = 2πBA/Φ0 where BA is the total flux through
the enclosed area and Φ0 = h/e the elementary flux quan-
tum. Note that the Aharonov-Bohm flux Φ adds an ad-
ditional phase ψ1 and ψ2, with ψ1 + ψ2 = 2πΦ/Φ0, to
each of the paths.
For the discussion of the temperature and voltage de-
pendence of the current and the noise, we also need to
know the energy dependence of the phases. First, in-
stead of parameterizing the edge state through x we
introduce the parameter s which measures directly the
path length, i.e. x(s), y(s). In addition at s we in-
troduce local coordinates s‖ along and s⊥ perpendicu-
lar to the equipotential line. In these coordinates, an
edge state that follows the equipotential line at a small
energy E away from EF acquires the additional phase
∆φ = −l−2B
∫
ds∆s⊥ with e(dU/ds⊥)∆s⊥ = E. The
potential gradient dU/ds⊥ determines the local electric
field F (s) = −dU/ds⊥ at s. But eF (s)lB = ~vD(s) where
vD(s) = F (s)/B is the drift velocity of the guiding center
of the cyclotron orbit at point s of the edge state. Thus
a small increase in energy leads to a phase increment
given by ∆φi =
∫
ds[1/~vD(si)]E. A rough estimate us-
ing a drift velocity which is constant along the edge gives
∆φi ≈ (Li/~vD)E with Li the length of the edge state i.
For the phase-difference of the two interfering paths we
have
φ1(E)− φ2(E) = ∆φ(EF ) + E/Ec (17)
6with ∆φ(EF ) = φ1(EF )− φ2(EF ) the equilibrium phase
difference. Formally, higher order terms in energy can
be neglected for characteristic energies kBT and eV
much smaller than (dU/ds⊥)
2/[d2U/ds2⊥]. The asymme-
try of the two edges thus gives rise to an energy scale
Ec = {
∫
ds[1/~vD(s1)] −
∫
ds[1/~vD(s2)]}−1 which is
due to the mismatch of the edge state path lengths, i.e.
Ec ≈ ~vD/(∆L) with ∆L = L1 − L2. In principle, for a
completely symmetric interferometer one has Ec →∞.
Given the scattering amplitudes sαβ , the spectral cur-
rent density is found from Eqs. (3), (5) and (6). For e.g.
terminal 4, one gets
j4 (E) = (e/h) [f(E)− f0(E)] [TARB + TBRA
+2
√
TATBRARB cos (E/Ec +Θ)
]
, (18)
where we introduce the total, energy independent phase
Θ = ∆φ(EF ) + 2πΦ/Φ0. Here f0(E) is the distribution
functions of the grounded terminals 2,3 and 4 and f(E) =
f0(E − eV ) the distribution function of terminal 1. The
current is then given from Eq. (4), as
I4 =
e
h
[
(TARB + TBRA) eV +
√
TATBRARB
× 4πkBT csch
(
kBTπ
Ec
)
sin
(
eV
2Ec
)
cos
(
eV
2Ec
+Θ
)]
.
(19)
Current conservation gives I3 = (e
2/h)V − I4. The cur-
rent consists of two physically distinct parts. The first
term in Eq. (19) is the phase independent, incoherent
part, the current in the absence of interference, while the
second, phase dependent term is the interference con-
tribution. We note that a bias eV of the order of the
asymmetry energy Ec leads to the phase shifts of the
oscillation. The strength of the interference can conve-
niently be quantified via the visibility as
νI =
Imax − Imin
Imax + Imin
=
amp[I]
〈I〉 , (20)
which gives for the current in the MZ-interferometer
νI,MZ =
√TATBRARB
TARB + TBRA
× 4πkBT
eV
csch
(
kBTπ
Ec
) ∣∣∣∣sin
(
eV
2Ec
)∣∣∣∣ . (21)
The visibility is a product of a term containing the QPC
scattering probabilities and a function depending on the
energy scales kBT, eV and Ec. The scattering probabil-
ity term is maximum for identical QPC’s, TA = TB. The
energy scale dependence is shown in Fig. 3 where the
visibility for identical point contacts is plotted as a func-
tion of the normalized temperature, kBT/Ec. We note
several interesting features from Fig. 3 and Eq. (21). (i)
the visibility shows decaying oscillations as a function of
voltage νI,MZ ∝ |sin (eV/2Ec)| /eV for arbitrary temper-
ature. (ii) A symmetric MZ-interferometer, Ec ≫ kBT,
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FIG. 3: Current visibility of the Mach-Zehnder interferometer
νI,MZ versus normalized temperature kBT/Ec for TA = TB .
eV , has unity visibility (for TA = TB), i.e. shows per-
fect interference. (iii) The visibility decays monotoni-
cally with increasing temperature. For large tempera-
tures, kBT ≫ Ec, the visibility decays exponentially with
the temperature as νI,MZ ∝ kBT exp (−πkBT/Ec) .
It is interesting to compare the calculated visibility to
the experimentally measured one in Ref. [9]. As already
shown in Ref [9], the measured scattering probability de-
pendence of νI,MZ is well reproduced by Eq. (21). For
the energy scale dependence, no information about the
drift velocity vD or the asymmetry ∆L needed to de-
termine Ec is provided in Ref. [9]. However, to obtain
the order of magnitude of Ec, considering as a rough
estimate a typical drift velocity63 vD ∼ 104 m/s at a
magnetic field B ∼ 1T and an asymmetry ∆L ∼ 0.1µm
gives an Ec corresponding to an applied bias ∼ 10µV
or a temperature ∼ 100mK. These values are typically
of the same order of magnitude as the ones considered
in the experiment. As a first approximation, one would
thus expect asymmetry effects to be of importance. The
observed temperature dependence, a strong decrease of
the visibility for increased temperature, is also qualita-
tively described by Eq. (21) with an Ec/kB ∼ 50 mK.
This is however not the case with the voltage dependence.
Ji et al find a differential visibility, i.e. the visibility of
dI(V )/dV , which decays strongly with applied voltage,
while Eq. (19) predicts a constant, voltage independent
differential visibility. There are several possible explana-
tions to why the voltage dependence in contrast to the
temperature dependence is not reproduced by the theory.
Ji et al themselves point out two voltage dependent de-
phasing mechanism: low frequency noise of 1/f type due
to moving impurities, induced by a higher current and
fast fluctuations of the potential landscape (and hence
of the phase via the enclosed area) caused by screen-
ing of the additional charges injected at higher current.
Screening might also, for the nonlinear current-voltage
characteristics predicted by Eq. (19), lead to a voltage
7dependent renormalization of the transmission probabil-
ities, introducing a voltage dependence in the differential
visibility.50,64 We also note that in the model of Ref. [16],
inducing dephasing by coupling the MZ-interferometer to
a quantum bath, gives a dephasing rate that increases
with increasing voltage. Clearly, further investigations
are needed to clarify the origin of the dephasing in the
experiment in Ref. [9].
Turning to the noise, we focus on the cross correla-
tor between currents flowing in terminals 3 and 4 (the
auto-correlator can be obtained analogously). This al-
lows for a straightforward comparison to the result of
the HBT-interferometer, for which the cross correlator
was investigated in Ref. [27]. From Eqs. (8) and (9) and
the expressions for the scattering amplitudes, we arrive
at the noise spectral density
S34 (E) =
−2e2
h
[f(E)− f0(E)]2
×
{
c0 + cΘ cos
(
E
Ec
+Θ
)
+ c2Θ cos
(
2
[
E
Ec
+ Θ
])}
,
(22)
with coefficients
c0 = TARA + TBRB − 6TARATBRB,
cΘ = 2 (TA −RA) (TB −RB)
√
TATBRARB,
c2Θ = 2TATBRARB. (23)
Performing the energy integrals in Eq. (8) we find for
the cross correlator
S34 = −2e
2
h
{
c0S¯0 + cΘS¯Θ cos
(
eV
2Ec
+Θ
)
+c2ΘS¯2Θ cos
[
2
(
eV
2Ec
+Θ
)]}
(24)
where we introduce the functions
S¯0 = eV coth
eV
2kBT
− 2kBT, (25)
S¯Θ = 2πkBT csch
(
πkBT
Ec
)[
coth
(
eV
2kBT
)
× sin
(
eV
2Ec
)
− kBT
Ec
cos
(
eV
2Ec
)]
. (26)
and
S¯2Θ = 2πkBT csch
(
2πkBT
Ec
)[
coth
(
eV
2kBT
)
× sin
(
eV
Ec
)
− 2kBT
Ec
cos
(
eV
Ec
)]
. (27)
containing the dependence on the energy scales eV, kBT
and Ec.
Just as the current in Eq. (19), the noise consists of
a phase independent, incoherent part and a phase de-
pendent, interference part. However, in contrast to the
current, the phase dependent part of the noise contains
two terms with different periods in Θ, corresponding to
oscillations periodic in h/e and h/2e. These terms result
from two-particle scattering processes which enclose the
AB-flux one and two times respectively. Similarly to the
current, the phase of the oscillations are shifted for a bias
eV of the order of the asymmetry energy Ec.
It is important to note that in the MZ (in contrast
to the HBT) interferometer, two particle and higher or-
der scattering processes are just products of single par-
ticle scattering processes. The full distribution of cur-
rent fluctuations17 is thus a function of single particle
scattering probabilities only. In particular, the noise
spectral density S34(E) in Eq. (22) is proportional to
−|s41|2|s31|2, i.e. partition noise1 with phase dependent
scattering probabilities. As a consequence, the phase in-
dependent, incoherent part of the noise can not be un-
derstood as partition noise from incoherent single parti-
cle processes, i.e. 〈|s41|2〉inc〈|s31|2〉inc 6= 〈|s41|2|s31|2〉inc.
This is formally clear since the term proportional to
cos2Θ = [1 + cos(2Θ)]/2, from two coherent scattering
processes, obviously contribute to the phase independent
part of the noise. As a consequence, as shown by Mar-
quardt and Bruder,14,15 a model2 with a filled stream of
classical particles injected from reservoir 1 correctly re-
produces the incoherent part of the current but fails to
reproduce the incoherent part of the noise. In contrast,
as found in Ref. [15] and further discussed below, the
completely dephasing voltage probe model correctly re-
produces the incoherent part of both the current and the
noise.
To quantify the strength of the oscillations we intro-
duce two separate quantities, νΘN,MZ and ν
2Θ
N,MZ , here
simply called visibilities, which in close analogy to the
current visibility in Eq. (21) are defined as the ratio of
the amplitudes of the noise oscillations and the average
noise. They become
νΘN,MZ =
∣∣cΘS¯Θ∣∣
c0S¯0
(28)
and
ν2ΘN,MZ =
∣∣c2ΘS¯2Θ∣∣
c0S¯0
. (29)
Similarly to the current, both visibilities are products of
a term containing the scattering probabilities and a func-
tion of the energy scales eV , kBT and Ec. We first focus
on the scattering probability dependent term by consid-
ering the visibility in the limit of a symmetric interferom-
eter, Ec ≫ eV , kBT , where the energy-scale dependent
terms are unity. This gives
νΘN,MZ =
2 |(TA −RA) (TB −RB)|
√TATBRARB
TARA + TBRB − 6TARATBRB (30)
and
ν2ΘN,MZ =
2TATBRARB
TARA + TBRB − 6TARATBRB . (31)
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FIG. 4: Noise visibility νΘN,MZ [figure (a)] of the h/e and
ν2ΘN,MZ [figure (b)] of the h/2e oscillations in the shot noise of
the Mach-Zehnder interferometer versus transmission TA of
beam splitter A for Ec ≫ kBT, eV for various transmission
probabilities TB of beam splitter B.
The two visibilities are plotted in Fig. 4. Both visibili-
ties are symmetric under the substitutions TA ↔ RA and
TB ↔ RB. The visibility νΘN,MZ is zero for TA = RA =
1/2, i.e. for a symmetric setting of any of the QPC’s.
The visibility increases for increasing QPC asymmetry,
reaching a maximum for 0 < TA < 0.5 and 0 < TB < 0.5
(unity only in the limit TA, TB ≪ 1) and then decreases
again toward zero at TA = 0 or TB = 0. Interestingly,
the visibility ν2ΘN,MZ shows an opposite behavior. It is
maximum, equal to unity, at TA = TB = 1/2 and then
decreases monotonically for increasing QPC asymmetry,
reaching zero at TA = 0 or TB = 0. This different depen-
dence on the scattering probabilities makes it possible to
investigate the two oscillations independently by modu-
lating the QPC transparencies.
Turning to the energy scale behavior, we consider for
simplicity νΘN,MZ in the limit TA, TB ≪ 1 and ν2ΘN,MZ
in the limit TA = TB = 1/2 where respective scattering
probability terms are unity. For a symmetric interfer-
ometer, i. e. Ec ≫ eV, kBT , both visibilities are unity.
Considering the situation when the temperature is com-
parable to the asymmetry energy scale Ec but the voltage
is small eV ≪ kBT,Ec, we get the visibilities
νΘN,MZ =
πkBT
Ec
csch
(
πkBT
Ec
)[
1 +
(
kBT
Ec
)2]
(32)
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FIG. 5: Noise visibilities νΘN,MZ (for TA, TB ≪ 1) of the h/e
and ν2ΘN,MZ of the h/2e oscillations in the shot noise correla-
tion of a Mach-Zehnder interferometer for TA = TB = 1/2 ver-
sus kBT/Ec for eV ≪ kBT, Ec (red curve) and versus eV/Ec
for kBT ≪ Ec, eV (blue curve).
and
ν2ΘN,MZ =
2πkBT
Ec
csch
(
2πkBT
Ec
)[
1 + 4
(
kBT
Ec
)2]
.
(33)
The temperature dependence of the visibilities are
shown in Fig. 5. Both visibilities decrease monoton-
ically with increasing temperature. For large temper-
ature kBT ≫ Ec, the visibilities decay exponentially
as νΘN,MZ ∝ (kBT )3exp (−πkBT/Ec) and ν2ΘN,MZ ∝
(kBT )
3exp (−2πkBT/Ec). The visibility ν2ΘN,MZ is thus
considerably more sensitivity to thermal smearing than
νΘN,MZ . In the opposite limit, for a small temperature
but a voltage comparable to Ec, i.e. kBT ≪ Ec, eV , we
instead get the visibilities
νΘN,MZ =
2Ec
eV
∣∣∣∣sin
(
eV
2Ec
)∣∣∣∣ (34)
and
ν2ΘN,MZ =
Ec
eV
∣∣∣∣sin
(
eV
Ec
)∣∣∣∣ (35)
The visibilities as a function of voltage are plotted in Fig.
5. Both visibilities show an oscillating behavior, decaying
as a power law ∝ 1/eV with increasing voltage. The pe-
riod of oscillations, in eV , is 2πEc for ν
Θ
N,MZ but πEc for
ν2ΘN,MZ , half the value for ν
Θ
N,MZ . The different voltage
dependence gives an additional possibility to investigate
the two visibilities independently.
9In the experiment of Ji et al.9 the noise was measured
in the high voltage regime, with the interference terms in
both the current and noise completely suppressed. The
dependence of the incoherent noise on the transparencies
TA and TB was investigated (TA was kept at 1/2 and
TB was varied). A good agreement was found with the
first, incoherent term in Eq. (24). Taken the open ques-
tions on the effect of decoherence on the average current,
a detailed experimental investigation on the phase de-
pendent, interference part of the noise would be of great
interest.
A. Effect of dephasing
Next we consider the effect of dephasing on the current
and noise. As discussed above, dephasing is introduced
by connecting one of the two arms of the interferometer
to a fictitious, dephasing voltage probe. The interferom-
eter with the probe, denoted terminal 5, is shown in Fig.
6. The dephasing probe is connected to the edge via a
contact described by a scattering matrix( √
1− ε i√ε
i
√
ε
√
1− ε
)
, (36)
where the dephasing parameter ε varies between 0 (no
dephasing, fully coherent transport) and 1 (complete de-
phasing, fully incoherent transport). The presence of the
dephasing probe modifies the amplitudes for scattering
between the terminal 1, 2, 3 and 4. As an example, the
scattering amplitude s41, given in Eq. (16) in the absence
of dephasing, now becomes
s41 (ε) = i
√
TBRAei(φ1+ψ1)
+ i
√
1− ε
√
TARBei(φ2−ψ2). (37)
In addition, amplitudes for scattering into and out
from the probe terminal 5 have to be considered. The
current is obtained from Eqs. (4), (5) and (12). For the
current in terminal 4, we find
Idp4 =
e
h
[(TARB + TBRA) eV+
×√1− ε
√
TATBRARB4πkBT csch
(
kBTπ
Ec
)
× sin
(
eV
2Ec
)
cos
(
eV
2Ec
+Θ
)]
. (38)
Comparison with the result in the absence of dephasing
in Eq. (19) shows that the effect of the dephasing is to
suppress the phase-dependent oscillations by multiply-
ing the phase-dependent interference term with a factor√
1− ε. For complete dephasing ε = 1, the phase de-
pendent term is completely suppressed. The effect of de-
phasing can thus be simply incorporated in the visibility
as
νdpI,MZ =
√
1− ε νI,MZ , (39)
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FIG. 6: The electrical MZ-interferometer, Fig. 2, with a de-
phasing voltage probe, 5, attached along one edge.
where νI,MZ is the visibility of the current oscillations in
the absence of dephasing, given by Eq. (21). As is clear
from the discussion above, to account for the experimen-
tal observations in Ref. [9], one would have to consider
a voltage dependent dephasing parameter ε.
Turning to the noise, we obtain the cross correlator
between currents in lead 3 and 4 in the presence of de-
phasing from Eqs. (8) and (14), giving
Sdp34 = −
2e2
h
{
c0S¯0 + cΘS¯Θ
√
1− ε cos
(
eV
2Ec
+Θ
)
+c2ΘS¯2Θ (1− ε) cos
[
2
(
eV
2Ec
+Θ
)]}
. (40)
Here the terms c0, cΘ, c2Θ, S¯0, S¯Θ and S¯2Θ are defined
above in Eqs. (23) and (25) to (27). Similarly to the
current, the effect of the dephasing is only to suppress
the amplitude of the phase-dependent oscillations. That
is what one would naively expect to be the consequence
of pure dephasing. The two phase-dependent terms are
however affected differently, the cosΘ term is suppressed
by a factor
√
1− ε while the cos 2Θ term is suppressed by
(1− ε). The cos 2Θ oscillations are thus more strongly
suppressed. The visibilities of the two oscillations in the
presence of dephasing can simply be written
νΘ,dpN,MZ =
√
1− ενΘN,MZ (41)
and
ν2Θ,dpN,MZ = (1− ε)ν2ΘN,MZ , (42)
where νΘN,MZ and ν
2Θ
N,MZ are the visibilities for the noise
oscillations in the absence of dephasing, given by Eqs.
(28) and (29), respectively.
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Importantly, both oscillating terms are fully sup-
pressed for complete dephasing, ε = 1. Complete dephas-
ing within the voltage probe model thus gives a noise ex-
pression that only consists of the phase independent, in-
coherent term in Eq. (22). We note already here that the
same result is found below for the HBT-interferometer.
Since quantum interference by definition is excluded from
the model, i.e. all scattering phases are neglected, the
completely dephasing voltage probe thus constitutes a
classical model that correctly reproduces the incoherent
part of the noise. As pointed out above, a more detailed
discussion of the physics of the voltage probe and a com-
parison with Refs. [14,15,59] is deferred to a later work.
It is interesting to note that the effect of dephasing
introduced with the voltage probe, both for the current
and noise, is for arbitrary dephasing strength identical to
a phase averaging. The result in Eqs. (41) and (42) can
be obtained by averaging the fully coherent expressions
in Eqs. (28) and (29) with respect to a Lorentzian distri-
bution ρ(Θ) of slow fluctuations of the phase Θ around
the average value Θ0, as∫
dΘρ(Θ) cos (nΘ) = (1− ε)n/2 cos (nΘ0) . (43)
with the Lorentzian distribution
ρ(Θ) =
a/π
(Θ−Θ0)2 + a2 , a = −(1/2)ln(1 − ε) (44)
We note that, as pointed out in Ref. [15], a Gaussian
distribution of the phase fluctuations gives a different
result, not consistent with the dephasing voltage probe
approach for arbitrary dephasing stregth.
We emphasize that the results above are independent
on to which edge the probe is connected. Moreover,
we also point out that the effect of the voltage probes,
for arbitrary ε, is multiplicative, i.e. attaching n volt-
age probes at arbitrary places along the arms can be
described by renormalizing 1 − ε → (1 − ε)n. Writ-
ing (1 − ε)n = exp(nln[1 − ε]) = exp(−L/Lφ), with
Lφ = −d/ln[1 − ǫ] and L = nd with d the distance be-
tween two probes, we can quite naturally incorporate the
effect of a uniform distribution of probes into a dephas-
ing length Lφ. The suppression of the visibilities of the
h/e and h/2e oscialltions due to dephasing in Eqs. (41)
and (42) are then modified as (1−ε)1/2 → exp(−L/2Lφ)
and (1 − ε)→ exp(−L/Lφ)
IV. HANBURY BROWN TWISS
INTERFEROMETERS
The HBT-interferometer is less well known than
the MZ-interferometer and deserves some additional
comments.65 The HBT-interferometer was invented as a
tool to measure the angular diameter of stars. The first
measurement18 was carried out on a radio star in 1954.
Compared to existing schemes based on Michelson in-
terferometers, the HBT-interferometer proved to be less
sensitive to atmospheric scintillations, which allowed for
a more accurate determination of the angular diameter.
After having demonstrated a table-top version of the in-
terferometer in the visual range,19 the angular diameter
of the visual star Sirius was determined.20
The experimental results, both the two-particle inter-
ference and the positive intensity cross correlations, were
successfully explained within a semi-classical framework.
Soon after the experiments, it was however shown by
Purcell66 that the positive cross correlations could be
explained in terms of bunching of individual photons,
emerging from the star, a thermal source of light. This
bunching was also demonstrated explicitly in subsequent
photo counting experiments.67,68 The HBT experiment
thus laid the foundations for quantum statistical meth-
ods in quantum optics.69 The HBT approach has also
been of importance in experimental particle physics.70 It
is interesting to note that positive intensity cross corre-
lations between beams of light emerging from a thermal
source, according to some contemporary71,72 “would call
for a major revision of some fundamental concepts in
quantum mechanics”. Purcell,66 however, providing an
elegant explanation of the bunching phenomena, pointed
out that “the Hanbury Brown Twiss effect, far from re-
quiring a revision of quantum mechanics, is an instruc-
tive illustration of its elementary principles”.
An optical table-top version73,74 of the HBT-
interferometer is shown in Fig. 7. A beam of light is
emitted from each one of the sources 2 and 3, completely
uncorrelated with each other. The beams are split in
two partial beams at the semitransparent beam splitters
C and D respectively. The partial beams acquire phases
φ1 to φ4 before scattering at the second pair of beam
splitters A and B. The resulting beams are collected in
detectors at ports 5 to 8.
Importantly, there is no interference pattern in the
intensities at the detectors 5 to 8, instead the interfer-
ence occurs only in the cross correlations between inten-
sities at 5, 6 and 7, 8. The intensity cross correlations
are sensitive to the two-particle amplitudes: the inter-
ference is thus between two different two-particle scat-
tering events, e.g. (i) one particle from 2 scatters to
5 and one particle from 3 scatters to 8, with an am-
plitude A1exp(i[φ1 + φ2]) and (ii) one particle from 2
scatters to 8 and one particle from 3 scatters to 5, with
an amplitude A2exp(i[φ3 + φ4]). The amplitude to de-
tect one particle in 5 and one in 8 is then the sum of
the two two-particle amplitudes. This is the case since
both scattering processes have the same initial and fi-
nal states and can not be distinguished. The (reducible)
cross correlation between intensities in 5 and 8 is di-
rectly related to the corresponding two-particle proba-
bility |A1exp(i[φ1 + φ2]) +A2exp(i[φ3 + φ4])|2= |A1|2 +
|A2|2+2Re {A1A∗2 exp(i[φ1 + φ2 − φ3 − φ4])}. The inter-
ference term 2Re {A1A∗2 exp(i[φ1 + φ2 − φ3 − φ4])} con-
tains the four geometrical phases φ1 to φ4. The
HBT-interferometer is thus, in contrast to the MZ-
interferometer, a two-particle interferometer.
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FIG. 7: Two-source, four-detector optical Hanbury Brown
Twiss geometry proposed in Ref. [27]. Two beams of light
incident from 2 and 3 are split in partial beams at the semi-
transparent beam splitters C and D. The partial beams ac-
quire geometrical phases φ1 to φ4 and are rejoined in the
beam splitters A and B. The light intensity is measured in
detectors 5 to 8
The electrical analog of the HBT-interferometer, pre-
sented in Ref. [27], is shown in Fig. 8. It consists of
a (rectangular) conductor with a hole in the middle, a
Corbino geometry. Similar to the MZ-interferometer, the
electrons propagate along single edge states. Scattering
between the edge states take place only at the beam split-
ters A to D. The beam splitters are described by scatter-
ing matrices given by Eq. (15). We first consider the fully
coherent case. In contrast to the MZ-interferometer, the
scattering amplitudes contain the phases φi and ψi only
via multiplicative phase factors. As an example, the am-
plitude to scatter from terminal 2 to terminal 5 is given
by
s52 =
√
TATCei(φ1−ψ1). (45)
As a consequence, the average currents which depend
only on the modulus squared of the scattering ampli-
tudes [see Eqs. (4) and (6)] do not contain any scattering
phases. We get the currents at terminals 5 to 8 as
I5 = (e
2/h)V (TATC +RARD) ,
I6 = (e
2/h)V (TARD +RATC) ,
I7 = (e
2/h)V (TBRC +RBTD) ,
I8 = (e
2/h)V (TBTD +RBRC) . (46)
Turning to the current noise, the correlation between cur-
rents in terminals 5,6 and 7,8 is given by Eq. (9). We
find for the spectral density for the correlators between
terminal 5 and 8
S58 (E) =
−2e2
h
[f(E)− f0(E)]2
× {c0,58 + cΘ cos (E/Ec +Θ)} (47)
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FIG. 8: Two-source, four-detector electrical Hanbury Brown
Twiss geometry implemented in a conductor in the Quantum
Hall regime. The electronic reservoirs 2 and 3 biased at eV
and reservoirs 1 and 4 to 8 are kept at ground. The edge states
(solid lines) have a direction of transport indicated by arrows.
The QPC’s A and B play the role of the beam splitters in Fig.
7. Geometrical phases φ1 to φ4 and the AB-flux Φ are shown.
with the coefficients
c0,58 = TARBTCRC + TBRATDRD;
c¯Θ = 2
∏
j=A,B,C,D
√TjRj , (48)
and for the correlator between terminal 5 and 7
S57 (E) =
−2e2
h
[f(E)− f0(E)]2
× {c0,57 + c¯Θ cos (E/Ec +Θ)} (49)
with the coefficient
c0,57 = TATBTCRC +RARBTDRD. (50)
Performing the energy integrals in Eq. (9), we obtain
the corresponding current cross correlators
S58 =
−2e2
h
[
c0,58S¯0 + c¯ΘS¯Θ cos
(
eV
2Ec
+Θ
)]
(51)
and
S57 =
−2e2
h
[
c0,57S¯0 + c¯ΘS¯Θ cos
(
eV
2Ec
+Θ
)]
. (52)
Here S¯0 and S¯Θ are given by Eqs. (25) and (26).
The other two correlators S67 and S68 are given by
the substitutions S67 = S58 (TC ↔ TD) and S68 =
S57 (TC ↔ TD). Here, as for the MZ-interferometer we
have Θ = ∆φ(EF )+2πΦ/Φ0 with ∆φ = φ1+φ2−φ3−φ4
and
∑4
i=1 ψi = 2πΦ/Φ0.
12
Several observation can be made from the results
above, put in comparison with the result for the noise
correlations for the MZ-interferometer in Eq. (24). Just
as for the MZ-interferometer, the noise consists of an in-
coherent, phase independent part, and a coherent, inter-
ference part. The phase dependent part of the noise in
Eqs. (51) and (52) however contains only one term. The
amplitude of the oscillating term is a product of a scat-
tering probability term and an energy-scale dependent
function, just as for the MZ-interferometer. This phase
dependent term has the same dependence on the phase
Θ, the same voltage dependent phase shift as well as the
same energy-scale dependence as the second term in Eq.
(24). This is the case since they both arise from processes
which enclose the AB-flux once. Despite the fact that in
the HBT interferometer the AB-effect results from two-
particle processes, the periodicity is determined by the
single electron flux quantum h/e. The dependence on
the scattering probabilities is however different, a con-
sequence of the MZ and HBT interferometer geometries
being different. Importantly, there is no term in the noise
in Eqs. (51) and (52) that corresponds to the last term
in Eq. (24), describing processes which enclose the AB-
flux twice. We note that the elementary scattering pro-
cesses in the HBT-interferometer, in contrast to the MZ-
interferometer, are two-particle processes. An important
consequence of this is that the incoherent, phase inde-
pendent noise term in Eqs. (51) and (52) can directly
be reproduced by a model with filled streams of classical
particles incident from reservoirs 2 and 3.
Since there is only one phase-dependent term, the vis-
ibility of the phase-dependent oscillations can again be
directly defined, giving for α = 5, 6 and β = 7, 8
νΘ,αβN,HBT =
∣∣c¯ΘS¯Θ∣∣
c0,αβS¯0
. (53)
Since the energy-scale dependence of the visibilities is
identical to νΘN,MZ for the MZ-interferometer in Eq. (28),
shown in Fig. 5, we focus here only on the scatter-
ing probability terms. We thus consider the limit of a
symmetric interferometer, Ec ≫ kBT, eV for which the
energy-scale dependent part is unity. Several symmetries
exists, e.g. all visibilities νΘ,αβN,HBT are unchanged by the
substitutions RC ↔ TC and RD ↔ TD. The visibil-
ity νΘ,58N,HBT is unity for scattering probabilities obeying
TARBRCTC = TBRARDTD and similar relations hold
for the other visibilities. All visibilities go to zero for
any of the transmission probabilities approaching either
zero or unity. Focusing on the case with TC = TD (or
equivalently TC = RD), the visibilities are given by
νΘ,58N,HBT = ν
Θ,67
N,HBT =
2
√TARATBRB
TARB + TBRA (54)
and
νΘ,57N,HBT = ν
Θ,68
N,HBT =
2
√TARATBRB
TATB +RARB . (55)
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FIG. 9: Noise visibilities νΘ,58N,HBT and ν
Θ,57
N,HBT of shot noise
correlations in the HBT geometry versus transmission prob-
ability TA for various values of TB . A symmetric geometry,
Ec ≫ kT, eV , and identical QPC’s C and D are considered.
The two different visibilities are plotted in Fig. 9 as a
function of TA for different TB . The visibility νΘ,58N,HBT has
a maximum equal to unity for TA = TB , while νΘ,57N,HBT
instead has a maximum equal to unity for TA = RB.
A. The effect of dephasing
Just as in the MZ-interferometer, the dephasing in the
HBT-interferometer is introduced by connecting a ficti-
tious voltage probe to an edge between any of the two
point contacts. The HBT-interferometer with the probe,
denoted 9, is shown in Fig. 10. Here the probe is con-
nected to the edge between contact C and A, we empha-
size that the results discussed below do not depend on to
which edge-state the probe is connected.
The presence of the probe modifies the amplitudes for
scattering from terminals 2, 3 to terminals 5 to 8. As an
example, the scattering amplitude in Eq. (45) is modified
s52 =
√
1− ε
√
TATCei(φ1−ψ1). (56)
In addition, we also have to consider amplitudes for scat-
tering into and out from the probe terminal 9. The av-
erage currents in the presence of dephasing, given from
Eqs. (4) to (6) and (12), turn out to be given by the same
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FIG. 10: The electrical HBT-interferometer, Fig. 8, with a
dephasing voltage probe, 9, attached along one edge.
equations as in the absence of dephasing, i.e. Eq. (46).
This is what one expects, i.e. that dephasing affects only
the phase-dependent parts of the observables.
Turning to the current correlators, given from Eqs. (8),
(9) and (14), we find for the correlators between terminal
5 and 8
Sdp58 =
−2e2
h
[
c0,58S¯0 + c¯ΘS¯Θ
√
1− ε cos
(
eV
2Ec
+Θ
)]
(57)
and for the correlators between terminals 5 and 7
Sdp57 =
−2e2
h
[
c0,57S¯0 + c¯ΘS¯Θ
√
1− ε cos
(
eV
2Ec
+Θ
)]
.
(58)
The two remaining correlators are again given by
the substitutions S67 = S58 (TC ↔ TD) and S68 =
S57 (TC ↔ TD). We see from Eq. (57) and (58) that just
as for the MZ-interferometer, the only effect of dephasing
is to suppress the phase-dependent term. The suppres-
sion factor is
√
1− ε, just the same as for the cosΘ term
in the noise for the MZ-interferometer in Eq. (24). We
can thus directly write the visibilities in the presence of
dephasing as
νΘ,αβ,dpN,HBT =
√
1− ε νΘ,αβN,HBT . (59)
This leads to the conclusion that the voltage probe for the
HBT-interferometer, just as for the MZ-interferometer,
just has the same effect as dephasing due to slow fluctu-
ations of the phase Θ, with the distribution of the phase
fluctuations obeying the relation in Eq. (43). Moreover,
the voltage probes have the same multiplicative property
as for the MZ-interferometer, allowing one to describe
the effect of a continuum of probes along the edges (of
total length L = L1 + L2 + L3 + L4) with a dephasing
length Lφ. The suppression of the visibilities of the
h/e oscillations due to dephasing are then modified
as (1 − ε)1/2 → exp(−L/2Lφ), just as for the h/e
oscillations of the MZ-interferometer.
V. CONCLUSIONS
The MZ-interferometer is an amplitude interferometer:
it exhibits a visibility in the average current with period
h/e and exhibits a visibility in the shot noise with periods
of both h/e and h/2e. In contrast, the HBT interferome-
ter is an intensity interferometer, it exhibits no AB-effect
in the current and exhibits only an h/e-effect in the shot
noise correlations. Interestingly, our investigation shows
that the shot noise visibility of the HBT interferometer
as a function of temperature, voltage and dephasing rate,
is qualitatively similar to that of the h/e-component of
the shot noise of the MZ-interferometer. This is contrary
to the naive expectation that the visibility of the two
particle processes which lead to the HBT effect should
be similar to the visibility of the two particle processes
in the MZ-interferometer, that is the h/2e component
of the shot noise. Instead it is the number of times the
AB-flux is enclosed which determines the behavior of the
visibility.
In this paper we have investigated and compared in
detail the voltage, temperature and asymmetry depen-
dence for the current and noise visibilities in the MZ
and HBT-interferometers. The experimental realization
of the HBT-interferometer is of large importance since it
allows for an unambiguous demonstration of two-particle
interference effects with electrons, to date not demon-
strated. Moreover, a successful realization of the HBT-
interferometer would also enable a first demonstration
of orbital entanglement in electrical conductors, a fun-
damentally important result. The results presented in
this work should prove useful for the experimental work
aiming to detect the HBT effect in electrical conductors.
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